We present ozone and carbon monoxide measurements taken in Darwin, Australia, during the wet season of 2005/2006, to examine whether the composition of the Tropical Tropopause Layer (TTL) reflects that of the local boundary layer or is influenced more by advection from distant sources. We find that the latter predominates in the upper TTL, and is also the major influence in the lower TTL, except during an active monsoon phase. The day-to-day variability of ozone in the TTL is far greater than that in the lower troposphere, and correlates closely with air mass origin deduced from trajectory calculations based on standard ECMWF wind analyses. Although clear evidence of recent local uplift was found in CO measurements recorded inside convective anvils, no such signal was found in the background TTL, where the measured variability correlated well with air mass origin deduced from back-trajectories.
Introduction
The Tropical Tropopause Layer (TTL) is a transition region between the convectively-driven tropical troposphere and the radiatively-controlled stratosphere, where the chemical and 2 dynamical properties of each gradually interchange (Fueglistaler et al., 2009) . Although several differing definitions have been used for the TTL (Highwood and Hoskins, 1998; Gettelman and Forster, 2002; Fueglistaler et al., 2009) , in general it can be considered to extend from the region of main convective outflow (~12-14 km; Folkins et al., 1999) , to the position of minimum temperature or "cold point" tropopause (~17-19 km; Thuburn and Craig, 2002) .
Acting to couple the tropospheric Hadley circulation with the wider stratospheric BrewerDobson circulation, the TTL acts as a major source region for air entering the stratosphere, thus influencing the concentration of trace constituents important for the chemical balance of the ozone layer as well as climate (Holton et al., 1995) . These constituents include water vapour, N 2 O and halogen-containing species, which are important source gases for radicals involved in the production and destruction of stratospheric ozone. Vertical transport within the lower region of the TTL is thought to have a dominantly convective influence; however the frequency of convective penetration drops rapidly with height, with slower radiatively driven ascent dominating within the upper TTL (Gettelman et al., 2004) . The partitioning between these two vertical transport regimes depends on height, location and season, with their relative contributions changing vertically over just a few kilometres. Moreover, quasihorizontal transport, for both redistribution of components within the TTL itself and for exchange processes with the extratropical stratosphere, also has a large influence on TTL composition (Holton and Gettelman, 2001; Konopka et al., 2007) .
A recent review of our knowledge of the TTL by Fueglistaler et al. (2009) points to the continuing uncertainty surrounding the role of deep convection in transporting chemical species into the TTL. There is no doubt that the process does happen: aircraft measurements in the anvils of deep convective outflow have frequently found elevated carbon monoxide (CO), hydrocarbons and other gases of low-level origin (e.g. Dickerson et al., 1987) , consistent with cloud-scale modelling results (e.g. Pickering et al. 1992) . The question we investigate in this paper is whether such uplift has a significant impact on the background TTL in the vicinity of convection, or whether the composition of the TTL is better characterised by long-range transport from more distributed and distant source regions. This question is relevant to accurate global modelling of the TTL; if local uplift determines the composition then modelling has the formidable task of representing cloud-scale transport correctly, whereas if local influences are minor, large-scale resolvable flow will dominate.
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The relative proportion is expected to depend upon altitude (with local convection more likely to dominate the lower TTL) and geographical position (with 'hot spots' like the Tropical Warm Pool, with its widespread deep convection, more likely to influence the local TTL).
The measurements we use in this study were obtained in Darwin, Australia during the 2005-2006 wet season (November-February). As we describe below, these measurements cover a range of meteorological and low-level chemical regimes, ranging from isolated land-based storms in the presence of widespread biomass burning, to the monsoon-trough, characterised by widespread oceanic convection.
The ACTIVE campaign
The measurements used here were obtained during the Aerosol and Chemical Transport in tropIcal conVEction (ACTIVE) aircraft field campaign, summarised by Vaughan et al. (2008) and May et al. (2008) . The campaign was conducted from Darwin, Northern Australia Vaughan et al. (2008) . Of particular importance to this paper was a CO analyser onboard the Egrett aircraft, and a total of thirty-five ozonesondes launched from the Australian Bureau of Meteorology site located adjacent to Darwin Airport (12.42°S, 130.89°E). Full tropospheric ozone profiles were obtained from twenty-nine of these soundings, in addition to simultaneous atmospheric pressure, temperature, relative humidity and horizontal wind measurements.
Darwin is situated close to the so-called "maritime continent" (incorporating Indonesia and the surrounding region) and the Tropical Warm Pool, where mesoscale convective systems are among the deepest on the planet (Crook, 2001) . During the wet season (roughly OctoberApril), Darwin typically experiences two broad meteorological regimes. The pre-monsoon and monsoon break regimes are characterised by easterly winds below 300 hPa and very deep land-based convection, usually initiated by sea-breezes and therefore most prevalent in the afternoon and evening. In contrast, the monsoon regime, typically lasting 1-2 weeks at a time when the active phase of the Madden-Julian oscillation (MJO) passes over Darwin, is characterised by widespread oceanic convection and westerly winds below 300 hPa. Monsoon convection is generally regarded to be shallower than the land-based convection of the easterly regime, but the ACTIVE observations revealed a wide range of cloud top heights during the monsoon with some cloud-tops reaching the tropopause (May et al., 2008) . Of particular interest to the work reported here is the so-called Hector thunderstorm which develops almost daily in the pre-monsoon and monsoon break periods over the Tiwi Islands, 100 km north of Darwin. The reliable occurrence of this very deep storm, and its isolation from mainland convection, makes it the ideal subject for case studies, and indeed the Tiwi Islands have been described as a 'natural laboratory' for studies of deep convection (Wilson et al., 1999) .
The Darwin region is remote from major sources of industrial pollution, although, as we shall describe in the following section, biomass burning is prevalent during the pre-monsoon season. In the absence of pollution, ozone destruction dominates the lower troposphere and boundary layer, where high levels of solar radiation coincide with a high moisture content.
This facilitates the following reactions (Kley et al., 1996) :
with OH removed by a variety of species (e.g. methane, CO). With a photochemical lifetime of only a few days, the concentration of ozone in the tropical marine boundary layer tends to be low -20 ppbv or less. Indeed, in very remote tropical marine environments near-zero surface ozone concentrations can occur (e.g. Kley et al., 1996) . Above the boundary layer, the water vapour mixing ratio decreases sharply, thus the photochemical lifetime of ozone increases -reaching the order of months in the upper troposphere (Thompson et al., 1997) . It is this increased lifetime that justifies the use of back-trajectory calculations in the upper troposphere in this work (see Section 4).
Ozonesonde instrumentation
Electrochemical concentration cell (ECC) ozonesondes launched through the course of ACTIVE were coupled with Vaisala RS92-KE radiosondes, providing vertical pressure, temperature and humidity data in addition to horizontal winds. Following the 5 recommendation of Reid et al. (1996) , a constant background current correction was applied to ozonesonde measurements throughout the troposphere, in preference to the standard pressure-varying correction. Ozonesonde profiles treated in this way were consistent with those from the Geophysica aircraft on corresponding flight days, within ~5 ppbv (profiles not shown). Unfortunately, the ozone sensor on the Egrett aircraft did not give reliable data for most of the flights and is only used here in support of other observations (Sect. 4.4).
Carbon monoxide instrumentation
Carbon monoxide data was collected onboard the Egrett aircraft with a resonance fluorescence instrument (Volz and Kley, 1985; Gerbig et al. 1999) . The instrument deployed in ACTIVE aboard the Egrett was custom-built around the fluorescence block of an AEROLaser, Model 502 CO analyser. The instrument was regularly calibrated, both on the ground and during flight. Data were collected at a frequency of 1 Hz with a precision of ±2 ppbv and an accuracy of ±3 ppbv (5% at mixing ratios > 60 ppb).
Meteorological overview
With the exception of a brief period around 21-26 November 2005, when a westerly 'minimonsoon' affected Darwin (Allen et al., 2009) , the first period of the ACTIVE campaign (November -December 2005) experienced easterly winds up to mid-levels, with low-level sea-breeze convergence initiating localised convection as previously noted. Aerosol measurements recorded by the Dornier aircraft showed a strong contrast across this period.
From 10-27 November 2005 elevated mass loadings of aerosol were observed to be well correlated with enhancements in CO and black carbon (Allen et al., 2008a; 2008b) , consistent with the prevalence of nearby biomass burning sources; hence we refer to this period as the "Biomass Burning" phase of the ACTIVE campaign. As the season progressed, the burning sources abated and aerosol concentrations decreased: images from the Moderate-resolution Imaging Spectroradiometer (MODIS) ( Figure 2 illustrates the evolution of average ozone and carbon monoxide profiles during the four phases of the ACTIVE campaign. Other than in the monsoon phase, the ozone profiles display the 'S' shape characteristic of the tropical warm pool (Thompson et al., 2003) , with low values at the surface and in the TTL separated by higher values in the mid-troposphere. In contrast, the active monsoon profiles essentially show constant ozone concentrations up to the base of the TTL. In the boundary layer, concentrations were unchanging at around 20 ppbv during the three later phases, indicating a regime of photochemical destruction. Abundant photochemical ozone precursors from the fires resulted in the higher concentration (40 ppbv) observed during the biomass burning phase. Of note in this phase was the incursion of tropopause folds over Darwin during the 'mini-monsoon' period (see Allen et al., 2009, for further details), resulting in a high average ozone concentration seen in the mid-troposphere in Fig. 2 . However, in all four meteorological phases, ozone in the TTL was highly variableparticularly in the monsoon phase when a range of 3-80 ppbv contrasted markedly with the near-constant ozone concentration in the atmosphere beneath.
Observations and results

Mean profiles of ozone and CO
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The average CO profiles, while not extending into the upper TTL, tell a similar story. High CO concentrations at low level in the first two phases are consistent with biomass burning (the Egrett flights in November missed the period of tropopause fold influence), with a strong decrease in concentration with altitude. In contrast, during the monsoon break phase, CO increased with altitude as very clean marine air was advected over Darwin at low levels.
Evidence for vertical coupling
We now consider to what extent the composition of the TTL may be taken to reflect that of the local boundary layer. One of the most striking features of the ozonesonde profiles (in Fig.   2 ) is the extent to which both very high and very low episodes of ozone were measured in the TTL when low-level concentrations were almost unchanging. 
Trajectory analysis applied to ozonesonde profiles
For each ozone profile the ozone concentration was determined at 5 hPa intervals from 200 to 100 hPa (~12.5-16.5 km, every 0.2 km). Ten-day back trajectories were then calculated from a cluster of points around Darwin (0.5° spacing) at each level. Calculations used the ECMWF operational analyses from the Integrated Forecasting System (IFS Cycle 29r2) on a 2.5° x 2.5° grid on 21 pressure levels, and were performed using the trajectory server at the British Atmospheric Data Centre (BADC) using wind-fields derived from ECMWF operational data.
The consistency of these clustered trajectories to accurately represent a region of origin was checked using the following method: each cluster was checked for significant divergence by ensuring that the 'final position' of all clustered points was within ±5° latitude and longitude of the central trajectory horizontally, and ±50 hPa vertically for those trajectories that remained above the 500 hPa surface, or ±100 hPa for those trajectories that descended below it. Table 1 details the numbers of trajectories rejected by this method, broken down by period.
Overall, 21.7% of trajectories were rejected, with the greatest proportion (32.1%) in the premonsoon phase. The 'final position' of each trajectory cluster was defined to be the point at which the central trajectory crossed the 500 hPa surface for trajectories uplifted from lowlevel, or the end-point of the ten-day trajectory for those that did not. We do not consider trajectories of greater than 10 days in length due to the cumulative uncertainty in the integration and the loss of air parcel integrity due to mixing effects. Table 2 quantifies the proportion of trajectories that experienced significant uplift for the contrasting meteorological regimes. This was calculated by grouping the back-trajectories ending in the TTL over Darwin, into pressure bins for every 25 hPa between 200 and 100 hPa, and calculating the percentage of trajectories that originated below the 500 hPa isosurface. Each period shows the overall pattern of a decreasing proportion of convective ascent with altitude, i.e. air parcels which were observed in the uppermost TTL over Darwin generally experienced much less uplift (over at least the previous 10 days) than those air parcels in the lowermost TTL, consistent with the conclusions of Gettelmann et al (2002) . For all but the pre-monsoon phase, around 70 % of trajectories (averaged across the entire 200-9 100 hPa range) experienced uplift, but for the pre-monsoon phase this fraction was much lower, at 18 %, suggesting that very long-range or diffuse sources dominated the TTL composition at this time; such air parcels had not been in contact with the surface for at least 10 days. The higher proportion of rejected trajectories during the pre-monsoon phase is consistent with more of the calculations running for the full 10 days, and hence more time for clusters to diverge from the consistency constraints outlined above. In general, across all meteorological phases, there is a distinct pattern in the ozone concentrations at the trajectory origins (Fig. 4) . Trajectories uplifted over Indonesia, west of 140 °E, show high ozone concentrations, consistent with the MODIS satellite images (Fig.   1a ), which show evidence of biomass burning, and hence ozone precursors, over Indonesia. In contrast, trajectories uplifted over the remote marine Pacific region show far lower ozone concentrations, consistent with the observations by Kley et al. (1996) . 
Trajectory analysis applied to carbon monoxide measurements
In order to confirm the previous conclusions drawn from ozonesonde measurements, we now consider the carbon monoxide measurements from the Egrett. Carbon monoxide is an excellent tracer of tropospheric dynamics by virtue of its long lifetime throughout the entire troposphere (of the order of 1 month) and is especially useful as a convective tracer in areas where there is a strong gradient in concentration between the surface and the outflow region.
Correlations (and anti-correlations) between CO and ozone can also give useful information on the photochemical age and nature of mutual surface sources, e.g. from biomass burning plumes.
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The Egrett aircraft flight patterns considered here were designed to sample convective anvils and background (clear) air. Evidence of perturbations to the CO concentration, consistent with uplift by convection, was seen during the anvil penetrations as layers of CO similar in concentration to those measured in the boundary layer, but perhaps surprisingly, very little evidence for locally-uplifted air was found outside cloud, in background air. In this section we consider background, clear-air measurements of CO and analyse them through backtrajectories, in a similar manner to the ozonesonde profiles, in order to see whether these are consistent with the long-range influence inferred above.
For each straight and level transect the Egrett performed at altitudes higher than the 200 hPa level, the in-cloud data was identified and removed using measurements from a SPEC cloud particle imager CPI-230 (sensitive to particles with diameters 30 -2300 µm). The background CO measurement was noted not to vary greatly along the length of each transect, allowing for a mean out-of-cloud background CO concentration to be calculated. Back-trajectories were then performed from the aircraft position at 30-second intervals along the corresponding transect. The spacing of these trajectories meant that clusters were not required, as the consistency of a trajectory could be checked against its neighbours. Very few trajectories were rejected using the constraints discussed earlier. An example of the trajectories performed along a transect of the Egrett aircraft, and their general consistency, is shown in Fig. 9 . As in the case of the trajectories initiated along the ozonesonde profile, a large number of these back-trajectories showed rapid, yet long-range ascent from low altitude. Table 3 indicates the percentage of trajectories that ascended through the 500 hPa surface. The maximum operational altitude of the Egrett was only 15 km, thus the percentage of uplifted trajectories closely resembles those for the ozonesonde profiles in the lower region of the TTL (Table 2 ).
The percentage of uplifted trajectories is high (>90 %) for the biomass burning, monsoon, and monsoon break phases, but is much lower for the pre-monsoon phase, consistent with our earlier conclusion that long-range transport of previously uplifted air dominates the TTL composition over Darwin during this period. 
The monsoon phase
For the phases where individual deep convective systems dominated (i.e. biomass burning, pre-monsoon, and monsoon break) it is perhaps not surprising that transport via deep convection in the Darwin area does not significantly perturb the background TTL, since the convection is land-based and fairly localised. For the monsoon phase however Darwin experienced widespread deep convection, which could be expected to result in more effective vertical mixing. In this section we discuss results from the monsoon phase in greater detail.
In the monsoon period all the trajectories ending in the lower TTL over Darwin had ascended from low-levels (Table 2 ) with the associated ozone profiles showing a consistent 20 ppbv up to 14 km (Fig. 2) . This suggests that local transport did determine the composition of the lower TTL during this period. This is supported by the Egrett CO measurements where, with the Egrett flying in the lower TTL and nearly all trajectories showing uplift from low-levels (Table 3) , the CO values remained highly consistent and varied by only a few ppbv (Fig. 10) .
Thus, although the exact trajectory origins cannot be deduced in this regime, the general pattern of local uplift is confirmed by the aircraft CO. In the upper TTL, however, this is not the case. Variations in ozone concentration can be adequately accounted for only by uplift from the remote Pacific for low ozone concentrations (Fig. 4) or long-range advection where elevated ozone signatures are observed (Fig. 7) during this regime.
However, the aircraft ascent profile through the free troposphere on 20 January 2006 presents a cautionary note. Figure 12 (a) shows the vertical profiles of both ozone and CO recorded by the Egrett on this day. As previously mentioned, the absolute ozone values from this instrument (a TECO 49 UV absorption instrument) are subject to uncertainty, but it was able to correctly depict qualitative changes in ozone. There is a clear step in both the CO and ozone profiles around 3.8 km (with an ozone increase coinciding with a decrease in CO)
which suggests the interleaving of air masses by horizontal advection, rather than rapid vertical mixing. The profiles from 22 January 2006 also show a similar structuring of layers throughout the free troposphere (Fig. 12(b) ) suggesting that rapid convective mixing did not completely determine the composition of the lower troposphere during the monsoon. Note however that the background TTL measurements showed little variation during this period, As expected, the convective influence varies with height (Fueglistaler et al., 2009) . Results from the monsoon phase suggest that the lower TTL during this period is dominated by local transport from low-levels, with consistent ozone and CO concentrations coupled with near ubiquitous uplift, despite the cautionary note of the Egrett profiles which show that the lower troposphere was not completely mixed at this time. In the pre-monsoon, by contrast, even the lower TTL was affected mostly by long-range transport.
14 The fact that very low ozone concentrations were occasionally observed in the upper TTL above Darwin, which were tracked by the trajectory analysis to the Western Pacific, is strong evidence of widespread vertical mixing somewhere in this region: ozone is not destroyed photochemically in the (very dry) upper troposphere. This paper suggests therefore that the composition of the TTL is ultimately determined by vertical mixing in certain 'hot spot' regions of the tropics, with advection from these regions dominating the composition elsewhere. 
